but in more extreme cases this is not possible. For example, The AϩT-rich genome of the human malaria parasite attempts to express fragment C of the Clostridium tetani Plasmodium falciparum encodes genes of biological importetanus toxin in E.coli or yeast (Makoff et al., 1989 ; Romanos tance that cannot be expressed efficiently in heterologous et al., 1991) was initially thwarted owing to the AϩT-rich eukaryotic systems, owing to an extremely biased codon DNA of this bacterium. Efficient expression of the protein usage and the presence of numerous cryptic polyadenylwas only accomplished by complete gene synthesis to obtain ation sites. In this work we have optimized an assembly coding sequences with an appropriate codon usage and polymerase chain reaction (PCR) method for the fast increased GϩC content. and extremely accurate synthesis of a 2.1 kb Plasmodium Novel strategies are urgently needed to combat malaria. falciparum gene (pfsub-1) encoding a subtilisin-like proOver two-thirds of the world's population reside in malaria tease. A total of 104 oligonucleotides, designed with the aid endemic regions and there are thought to be up to 500 million of dedicated computer software, were assembled in a singleclinical cases of the disease annually. Serious complications step PCR. The assembly was then further amplified by following infection with P. falciparum are frequent and falcipa-PCR to produce a synthetic gene which has been cloned rum malaria is estimated to cause between 1.5 and 2.7 million and successfully expressed in both Pichia pastoris and deaths per year (Anon., 1994) . There is no widely available recombinant baculovirus-infected High Five TM cells. We vaccine against malaria and drug-resistant P. falciparum is a believe this strategy to be of special interest as it is simple, widespread and growing problem. Clinical malaria is caused accessible and has no limitation with respect to the size of by growth of the parasite in circulating red blood cells. The the gene to be synthesized. Used as a systematic approach invasive merozoite stage of the parasite enters red blood cells, for the malarial genome or any other A ⍣ T-rich organism, replicates within the cell, then is released to invade new red the method allows the rapid synthesis of a nucleotide cells and repeat the cycle. Red cell invasion is known to sequence optimized for expression in the system of choice require the activity of parasite serine proteases (Blackman and production of sufficiently large amounts of biological et al., 1993; McKerrow et al., 1993) . Work in this laboratory material for complete molecular and structural characterhas recently identified a P. falciparum gene (pfsub-1) encoding ization.
a member of the subtilisin-like serine protease superfamily Keywords: gene synthesis/Pichia pastoris/Plasmodium falcipa- (Blackman et al., 1998) . The primary gene product is processed rum/protein expression/subtilisin-like protease in two consecutive steps during transport through the parasite secretory system and the putative mature protease is concentrated in secretory organelles within merozoites, indicating that Introduction it may play a role in red cell invasion (Blackman et al., 1998) . Inhibition of the enzyme may therefore block invasion. We The Plasmodium falciparum genome is probably the most have been interested in achieving high-level heterologous AϩT-rich (~82% overall) of any organism known and this has expression of catalytically active PfSUB-1 for structural and posed a number of considerable technical hurdles to the current enzymological studies. Attempts to express the entire pfsub-1 genome sequencing effort (Triglia and Kemp, 1991; de Bruin gene, or domains of it, in E.coli resulted in extremely low levels et Gardner et al., 1998) . The high AϩT content of of expression of insoluble protein (M.Sajid and M.J.Blackman, P. falciparum coding sequences [~76% for nuclear genes and unpublished data); expression of the malarial gene in P. pastoris even higher for the malarial plastid genome (Wilson et al., or baculovirus was equally unsuccessful, probably owing to 1996)] also presents significant difficulties in the analysis of the unfavourable codon bias of the 72% AϩT-rich pfsub-1 protein structure and function, since AϩT-rich DNA can be coding sequence. To solve this problem, it was decided to extremely difficult to express in commonly used prokaryotic synthesize the pfsub-1 gene, adapting the codon usage for and eukaryotic expression systems. In both Escherichia coli optimum expression in P. pastoris. Recent advances in gene and yeast, the level of expression of a gene has been shown synthesis technology have led to an increased number of to correlate with the use of certain preferred codons; 'incorrect' available gene synthesis methods (Grantham et al., 1980 ; codon usage results in low-level expression (Grantham et al., Prapunwattana et al., 1996; Mehta et al., 1997; Au et al., 1980; Bennetzen and Hall, 1982; Makoff et al., 1989; Romanos et al., 1991; Hernan et al., 1992; Martin et al., 1995; Sreekrishna 1998) , the most attractive ones relying on the use of polymerase chain reaction (PCR) (Prodromou and Pearl, 1992;  Graham are the proportions per 1000 codons of each synonymous codon. All codons with N below a user-defined cut-off, in this et al., 1993; Stemmer et al., 1995; Casimiro et al., 1997; Brocca et al., 1998) . Here we have adapted and optimized in case 0.6, are rejected. The gene to be analysed is translated and then back-translated with all low-abundance codons terms of error rate the assembly PCR method of Stemmer et al. (1995) . In this procedure, a DNA polymerase is used in replaced with codons exhibiting a value of N above the cutoff value. The abundance of the remaining codons with N a primary PCR (called the assembly process) to build increasingly long DNA fragments from a pool of overlapping oligonuabove the cut-off are normalized so that the sum of the abundances of synonymous codons is equal to 1. The codons cleotides (oligos). A second PCR is then performed to amplify specifically the previously assembled synthetic product. Any are then assigned with the aid of a random number generator which gives a random number between 0 and 1. Restarting point mutations in the final amplified product are corrected by subsequent subcloning steps. We present new PCR parameter the program, with a different input to the random number settings which, combined with exclusive use of the proofgenerator will therefore give a different set of oligos. Several reading Pfu DNA polymerase, have allowed us to synthesize sets of oligos can be produced in this way and compared for rapidly the 2.1 kb pfsub-1 gene in the absence of a functional restriction enzyme sites and melting temperatures. The program screen and with unprecedented accuracy. The final synthetic allowed the insertion of preferred restriction sites and the pfsub-1 gene has been successfully expressed not only in generation of oligos 40 nucleotides in length from both strands P. pastoris, achieving levels of recombinant protein of of the gene. The melting temperature of each of the 20 nt 0.2-0.5 g/l, but also in recombinant baculovirus-infected overlaps was adjusted to around 60°C. The resulting set of insect cells. We invite researchers working on organisms with 104 oligos was subjected to the Genetics Computer Group AϩT-rich genomes to consider gene synthesis as a feasible, software package (version 8-Unix) using the options repeat, systematic approach to high-level protein expression for protein stemloop and overlap. engineering and structure-function studies.
Gene assembly and amplification Gene assembly.
Materials and methods
Equal volumes of solutions of each oligo (25 µM each) were Materials combined and the mixture was diluted 10-fold in 50 µl of a The oligos, one 53-mer and 103 40-mers, were synthesized PCR mixture [20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM on a 40 nmol scale with no extra purification and dissolved in (NH 4 ) 2 SO 4 , 3 mM MgSO 4 , 0.1% Triton X-100, 0.1 mg/ml water to final concentration of 25 µM each (Oswell DNA BSA, 0.2 mM each dNTP, 2.5 U of Pfu polymerase]. The Service, UK). All restriction enzymes were obtained from PCR program consisted of one denaturation step at 94°C for Boerhinger Mannheim or from Gibco/BRL Life Technologies. 60 s, followed by 25 cycles at 94°C for 30 s, 52°C for 30 s Cloned Pyrococcus furiosus (Pfu) DNA polymerase was purand 72°C for 2 min. chased from Stratagene (La Jolla, CA, USA). The pMosBlue
Gene amplification. blunt-ended cloning kit was supplied by Amersham Life An aliquot of the gene assembly mixture (5 µl) was diluted Science and T4 DNA ligase by New England Biolabs, UK.
10-fold in 50 µl of PCR mixture [20 mM Tris-HCl, pH 8.8, DH5α TM E.coli competent cells were obtained from Gibco/ 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 3 mM MgSO 4 , 0.1% Triton BRL Life Technologies. Plasmid DNA purification was per-X-100, 0.1 mg/ml BSA, 0.2 mM each dNTP, 2.5 U of Pfu formed with MiniSnap (Invitrogen, San Diego, CA, USA).
polymerase and the two outermost primers at 1 µM each]. The Automated DNA sequencing was done on a Perkin-Elmer outer primers were the same as the two external ones used in ABI prism 377 DNA sequencer, using dye terminator cycle the assembly process. The PCR program consisted of a sequencing. Sequencing analysis was performed using the denaturation step cycle at 94°C for 60 s, then 25 cycles at AutoAssembler (Factura) package. Nucleotide sequence com-94°C for 45 s, 68°C for 45 s, 72°C for 5 min and a final parisons were performed using Lasergene DNAStar software.
incubation cycle at 72°C for 10 min. The PCR product was The P. pastoris expression kit including the pPIC9K vector desalted using a PCR purification kit (Qiagen). and media were obtained from Invitrogen. The pVL1393
The best results in terms of mutation frequency were transfer vector, AcMNPV linear baculovirus DNA and Sf9 obtained when the pfsub-1 gene was constructed and cloned and High Five TM insect cells were supplied by Invitrogen and in two separate sections of 1.1 and 1 kb. Assembly PCR of the insect cell media by Gibco/BRL Life Technologies and the two sections was achieved using the same conditions as Expression Systems, LLC (Woodland, CA, USA).
described above, with 56 oligos being assembled in the first Gene design section and 50 oligos in the second section. For the amplificaThe sequence of the synthetic pfsub-1 gene was designed tion PCR step, the extension time was reduced to 2.5 min. according to P. pastoris codon usage (Bennetzen and Hall, Cloning steps and DNA sequencing 1982; Sreekrishna et al., 1993) with the aid of the CODOP program (available from EPC, l-carpen@nimr.mrc.ac.uk).
PCR blunt-ended products were cloned into pMosBlue using CODOP is a Unix perl script which provides a number of the EcoRV site. The ligation products were used to transform molecular biology functions, including codon optimization DH5α TM E.coli competent cells and selection performed with host organism preference as proposed by Hale and on L agar supplemented with 50 µg/ml ampicillin and Thompson (1998) . CODOP reads a codon usage table, 15 µg/ml tetracycline. Plasmids isolated from white colonies assessing the frequency of each codon per 1000 codons (F).
were screened for the presence of insert by restriction It then calculates the codon preference N:
analysis. For sequencing inserts, primers P6, P15, P24, P33, P42, P58, P67, P76, P85 and P94 were selected from those
used in the gene synthesis. Subcloning steps to correct point errors introduced during gene synthesis were performed in where n is the number of synonymous codons and F aa1 to F aan Table I . Codon composition of the native and synthetic pfsub-1 gene Gene synthesis was designed according to P. pastoris codon usage. Amino acids are referred to using the standard three-letter code.
pMosBlue using unique restriction sites within the gene downstream of the polyhedrin promoter. Sf9 cells were cultured at 27°C in complete TC100 medium and co-transfected with and vector.
the plasmid construct and the viral DNA according to the Expression in P. pastoris Invitrogen guidelines. Recombinant baculoviruses were The synthetic gene was cloned into the P. pastoris pPIC9K plaque-purified and single plaques were picked for amplificavector using the SnaBI and EcoRI sites of the polylinker tion. High Five TM cells were cultured in ESF 921 protein-free region. The construct was linearized prior to transformation medium. Cells were grown in roller bottles at a density of 10 6 of the P. pastoris GS115 (his4) strain by electroporation (pulse cells/ml and then infected with recombinant baculovirus at conditions were 1.5 kV at 400 Ω and 25 µF). Several colonies various multiplicities of infection. Tunicamycin was added to resistant to 1 mg/ml G418 were selected for expression trials the High Five TM cells to a final concentration of 0.5 µg/ml at in 250 ml shake flasks, containing 50 ml of rich medium the time of infection. The medium was harvested 72 h post-(BMGY). The best candidate was grown in a 4 l fermenter, infection, clarified by centrifugation at 5000 g for 30 min and adding 10 µg/ml tunicamycin when switching to induction filtered through a 0.22 µm filter (Whatman). The secreted with BMMY medium. Three days following induction, 20 g protein was detected in the culture supernatant by Western blot. of cells were lysed using a cell disrupter and resuspended in a denaturing buffer (8 M urea, 20 mM imidazole, 0.1% v/v Results Nonidet P40, 0.1 M NaH 2 PO 4 , 10 mM Tris-HCl, pH 8.2). The recombinant protein was then purified by metal chelate Design and assembly of the synthetic gene chromatography using Ni-NTA agarose (Qiagen). Bound pro-
The design of the oligos used for synthesis of the 2.1 kb tein was washed on the column with a 8-0 M gradient of pfsub-1 gene necessitated great attention to detail, owing to decreasing concentration of urea and finally eluted in a fully the requirement for a large number to be mixed in one PCR. soluble form with 50 mM EDTA. Eluted protein was visualized
The nucleotide sequence of the gene was designed according on 10% SDS-PAGE gels by Coomassie Brilliant Blue staining.
to the P. pastoris codon usage preference (Bennetzen and Hall, The band corresponding to PfSUB-1 was confirmed by Western 1982; Sreekrishna et al., 1993) . In addition, the panel of oligos blotting using an antiserum raised against an E.coli-derived was rigorously screened and matched in order to meet the recombinant PfSUB-1 fragment (Blackman et al., 1998 to stable intramolecular hairpins; (iii) minimization of tandem or inverted repeats (Ͻ10 bp in length) which are likely to give 3B). The PCR conditions for the assembly reaction remained rise to non-specific priming; and (iv) optimization of the 20 unchanged, although the number of the oligos in each assembly nucleotide overlap between each 40-mer primer, to give a decreased to 56 and 50, respectively, for each reaction. The melting temperature in the range 58-62°C, in order to allow synthetic DNA products were blunt-end ligated into pMosBlue subsequent use of the primers for DNA sequencing. A Kozak for cloning and sequencing. For sequencing reactions, primers concensus translation initiation sequence was incorporated in hybridizing to sites~400 bp apart within the gene were chosen the extreme 5Ј oligo for efficient expression of the gene in from the panel used in the synthesis, allowing coverage of P. pastoris and an additional five histidine codons were both strands of the entire pfsub-1 sequence with consistent introduced just prior to the stop codon in the extreme 3Ј oligo.
overlaps. Complete sequence analysis of three of the 2.1 kb A number of unique restriction sites were introduced at clones and five of each of the smaller clones identified an strategic positions throughout the synthetic gene to facilitate average of only 3.5 nucleotide substitution errors per kb in subsequent gene manipulation and mutagenesis. Oligo design the 2.1 kb PCR product and an average of only 1.5 error per was performed with the aid of the Unix codon optimization kb in each of the two 1.1 and 1 kb products. These mutations program CODOP (see Materials and methods). This program were distributed randomly, suggesting that the oligos were not translates a given DNA sequence into a protein sequence and the source of the errors. Since Pfu polymerase, which exhibits then, using a user-defined codon usage table, back-translates a 3Ј → 5Ј proofreading exonuclease activity, was used for all the protein sequence with an improved codon usage. The amplification steps, we assume that these errors were most program rejects codons with abundances below a cut-off value, likely introduced during the assembly process. The reduced then assigns a high-abundance codon to each residue in the mutation frequency observed in the smaller products was protein sequence, using high abundance codons in proportion probably a direct result of the reduction in the number of to their use in the codon usage table. Both strands of the oligos mixed together during the assembly reaction. sequence are then divided into overlapping oligos of 40 bases in length, melting temperatures are calculated for all the overlaps and restriction sites generated along the sequence are displayed. The resulting panel of oligos was then analysed using the Genetics Computer Group software package (GCG Version 8-Unix) for the presence of undesirable repeats, inverted repeats, stemloop structures and regions of complementarity which could potentially lead to non-specific intermolecular hybridization. In most cases these sequences were readily eliminated whilst maintaining the codon preference. Non-optimum codons were resorted to only if required to create unique restriction sites or at repetitive sequences. Systematic, reiterative use of these two programs resulted in the final selection of 104 unique oligos for gene synthesis. Table I shows a comparison of the codon composition of the synthetic gene with that of the wild-type P. falciparum gene. Codons not present in highly expressed yeast genes have been drastically decreased in frequency and a number of very rare codons eliminated. For example, 31 ATA (Ile) codons and 49 AAA (Lys) codons present in the native gene have been completely removed. The overall AϩT composition has been reduced from 72% in the native gene to 53% in the synthetic product. The final, codon-optimized sequence of the synthetic pfsub-1 sequence and the relative positions of the 104 oligos is shown in Figure 1 together with the predicted amino acid sequence. Figure 3A) . In an alternative approach, the 5Ј and 3Ј additional restriction sites (RE I and RE III ) incorporated into the outermost 'halves' of the gene were synthesized separately, in the form primers are used during insertion of the synthetic sequence into expression vectors.
of two DNA fragments of 1.1 and 1 kb, respectively ( Figure   Fig. 1 . Nucleotide and deduced amino acid sequence of the synthetic pfsub-1 gene. Important restriction sites are shown together with the designation and positions of the individual oligonucleotides used for gene synthesis (arrowed). insoluble fraction of the cell pellet by metal chelate chromatography on NiAnalysis on a 1% gel of the PCR products from a dual batch pfsub-1 gene NTA agarose. Purified protein was subjected to SDS-PAGE on a 10% gel synthesis. Lanes 2 and 3 contain, respectively, the products of the assembly and visualized by Coomassie Brilliant Blue staining. The positions and sizes and amplification steps of synthesis of the 1.1 kb 5Ј 'half' of the gene, in kDa of molecular weight marker proteins (lane 1) are indicated. whilst lanes 5 and 6 contain, respectively, the products of the assembly and amplification steps of the remaining 1 kb 3Ј portion of the gene. Remaining tracks contain DNA molecular weight markers (KiloBase DNA markers, Pharmacia). The positions of migration of the 1 and 2 kb marker fragments are indicated.
Protein expression
Expression from the synthetic pfsub-1 gene was initially assessed in P. pastoris. The PfSUB-1 signal sequence was replaced by the pre-pro domain of the S. cerevisiae α-mating factor by cloning the gene into SnaBI /EcoRI-digested pPIC9K and the linearized vector used to transform P. pastoris. Transformants containing multiple chromosomal insertions of the insoluble form. Taking advantage of the C-terminal hexahistidine tag, the recombinant protein was purified under denaturing tunicamycin at 0.5 µg/ml resulted in secretion of readily conditions from extracts of the induced clone by nickel chelate detectable levels of apparently correctly processed PfSUB-1 chromatography (Holzinger et al., 1996) (Figure 4) . From ( Figure 5 ). Preliminary purification runs with the secreted these purification data, the expression level of the recombinant product indicated that expression levels of the recombinant PfSUB-1 was estimated at 0.2-0.5 g/l. N-terminal amino acid protein were of the order of 2-5 mg/l (not shown). sequencing of the purified protein showed that the α-factor Nterminal secretory signal sequence had been removed whereas Discussion the α-factor pro domain was still present, suggesting that the protein had undergone translocation into the yeast ER but not
We have described a PCR-based gene synthesis method for the fast and accurate construction of the 2.1 kb P. falciparum been further processed.
The baculovirus system was next considered as an alternative pfsub-1 gene. The flexibility of the method, in which complementary oligos are mixed together to generate a synthetic expression system which might better support proper folding and post-translational processing of PfSUB-1. The codon product in a single reaction, is impressive. There is no practical limit on the number of oligos which may be mixed together, usage of Autographa californica nuclear polyhedrosis virus (AcMNPV) is less stringent than that of P. pastoris (Ranjan suggesting that genes much bigger than pfsub-1 could be successfully synthesized. Although the synthesis itself is guarand Hasnain, 1994), so it was considered that our synthetic gene should also be well expressed in the baculovirus system.
anteed by careful and systematic oligo design, the introduction of point errors into the synthetic sequence is difficult to avoid. Infection of High Five TM insect cells in the presence of Since the most time-consuming step of the synthesis is the product in one day. Including the subsequent steps of DNA removal of such mutations by subsequent subcloning steps, sequencing and subcloning, the constructs used in the P. pasthe crucial parameter for overall success of the method is toris expression experiments were completed within a matter determined by the fidelity of the polymerase used in the of weeks. Although expensive in terms of initial capital outlay reaction. This becomes even more critical when no functional (the total cost of the oligos used here, at £0.6 per nucleotide, assay is available for the facile identification and elimination was of the order of £2500), the simplicity and accuracy of the of clones bearing mutations in sequences encoding functionally PCR-based gene synthesis described here render it feasible to critical residues. Stemmer et al. (1995) used a combination of consider the routine, complete synthesis of malarial genes of Taq polymerase and Pfu polymerase to ensure both processivity interest prior to attempting expression in any heterologous and proofreading activities for assembly PCR synthesis of the system. Our preliminary expression results are extremely 0.9 kb β-lactamase gene; following selection and cloning of encouraging; PfSUB-1 is expressed intracellularly in P. pastoris the synthetic gene in a plasmid bearing a tetracycline resistance in the range 0.2-0.5 g/l, providing enough material for extensive gene, ampicillin resistance assays indicated that only 76% of refolding assays. The protein is also expressed and secreted in the clones expressed functionally active β-lactamase. Sequenbaculovirus-infected High Five TM cells in a correctly processed cing of one of these clones indicated the presence of three form. The significant amount of protein produced will readily point mutations. Using similar PCR conditions for pfsub-1 allow enzymological and structural studies. synthesis, we observed an average error frequency of nine point New approaches to malaria control will require an improved substitutions per kb in our final cloned product (C.Withersunderstanding of mechanisms of drug action and resistance, Martinez, unpublished data). Accordingly, we set out to modify the identification of new drug targets, improved diagnostic the PCR conditions so as to allow the exclusive use of Pfu tools and the development of an effective vaccine. All of these polymerase, as this enzyme exhibits the highest fidelity of any aims will be facilitated by the ongoing malaria genome project, thermostable DNA polymerase, with an average error rate of which was initiated in 1996 and is progressing rapidly, as 1.3ϫ10 -6 per bp duplicated (Cline et al., 1996) Under our evidenced by the recent completion of the entire sequence of optimized conditions, the overall error frequency for our 2.1 kb chromosome 2 of the 14 chromosome,~30 megabase haploid synthetic product was only 3.5 point substitutions per kb. By P. falciparum nuclear genome (Gardner et al., 1998) . The dividing the gene synthesis into sections of about 1 kb to be genetic information generated by this project will provide subsequently combined by cloning steps, we were able to access to the complete array of P. falciparum open reading reduce the mutation frequency further to only 1.5 nucleotide frames, allowing researchers readily to identify and study substitution error per kb. This error frequency is at least potential chemotherapeutic targets and vaccine candidate antitwofold lower than that reported by Stemmer et al. (1995) and gens. There is little doubt that the rate-limiting step in fully is sufficiently low that a functional screen is unnecessary and realizing the potential of these advances in genomics will be screening of clones by direct sequence analysis becomes that of heterologous expression of correctly folded, functionally feasible and cost-effective. Since the frequency of PCR-derived active parasite gene products for characterization at the errors increases with increasing number of amplification cycles, molecular structural level; the AϩT bias of the parasite genome it might be possible to reduce the error rate even further by will constitute a permanent problem in this regard. The using fewer cycles in the reaction; we did not explore this systematic PCR-based approach to gene redesign described possibility in the present study, but the large amount of PCR here will bridge the existing technological gap between identiproduct obtained suggests that it may be possible to reduce the fication of putative targets at the nucleotide level and their number of cycles significantly whilst still obtaining acceptable expression for structure-function studies. In this Institute, the yields. The oligos used in the present method were relatively gene synthesis method described here has already been applied short compared with some other reported PCR-based gene successfully to the synthesis of two other malarial genes synthesis methods, where oligos larger than 80 nucleotides (C.Withers-Martinez, unpublished data). were used (Prodromou and Pearl, 1992; Casimiro et al., 1997) . The use of large oligos has certain advantages; gene design is Additional data simplified and a smaller number of oligos can be used in a single reaction, reducing the number of oligo ends and potenSequence data from this study have been deposited with the tially reducing the frequency of PCR-derived errors. Also, EMBL/GenBank Data Libraries under Accession Number the synthesis of larger oligos may be more cost-effective, AJ242589. particularly in the case of large genes. On the other hand, shorter oligos have the important advantage of being less
